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1. INTRODUCTION

It is generally agreed upon that cancer is the combined result of persona genetic
susceptibility and environmental conditions over time. Because of the role of
environmental conditions in cancer, it is critically important that we detect possible
geographic concentrations of a specific cancer as early as possible. One way to achieve
this goal is to monitor cancer incidences periodically and detect possible statistically
significant clusters of cancer in geographic space. In this discussion, the author presents
a case study that demonstrates how to monitor geographic concentrations of female breast
cancer in the state of New Mexico using spatial and space-time cluster analysis methods.

Female breast cancer incidence (morbidity) rates in Los Alamos County in New
Mexico of the United States remained higher than the rest of the state for over two
decades from 1970 to the early 1990s. There was an increase of breast cancer incidence
rates between 1988 and 1992. (7) Past research concluded that these higher rates in Los
Alamos County were attributed to reproductive and demographic factors, and the increase
in breast cancer in the late 1980s and early 1990s was primarily due to increased
detection of the disease at early stages. (7) However, because exposure to radiation is
one of the primary causes of breast cancer (32), because of the close proximity of the
communities with higher breast cancer rates to the Los Alamos National Laboratory, and
because people living in New Mexico may have had exposure to atmospheric weapons
testing, it is important to continue monitoring female breast cancer cases and detect
possible geographic concentrations.

Past research compared breast cancer incidence rates in Los Alamos to those in
reference populations selected in the state of New Mexico, and to those in the national
statistics. (7) Although the merits of these studies cannot be denied, it remains unclear as
to: (@) whether or not a statistically significant spatial cluster of breast cancer exists in
populations living near Los Alamos, and (b) if a cluster exists, whether the cluster has
persisted over time, particularly in recent years. Answers to these two questions are
important because they will help address public concerns and develop possible preventive
strategies of reducing breast cancer in communities near Los Alamos.

This study attempts to provide answers to the two questions mentioned above
through both spatial and space-time cluster analyses using 17,119 individual breast
cancer incident cases geogaphically-referenced to the county level in the entire state of
New Mexico over a 25-year period from 1973 to 1997. The detection of cancer clusters
in populations living near nuclear facilities has been an important research topic for



nearly two decades (20, 28), and many research activities have been carried out in
countries like Canada (24), France (10, 30), Germany (12, 15), Spain (21), Sweden (11,
31), the United Kingdom (1, 3, 4, 5, 9, 27), and the United States (13, 22). Although
results from most studies have been negative, evidence of excessive cancer rates have
been found in places like Sellafield/Seascale (England) (4), Dounreay (Scotland) (5), La
Hague (France) (30), and counties near Oak Ridge national Laboratory in Tennessee in
the United States (22). But despite the fact that “strong links have been established
between breast cancer risk and ionizing radiation [in women] (32),” very few research
activities have been carried out to detect female breast cancer clusters in populations
living near nuclear facilities. Monitoring geographic concentrations of female breast
cancer in New Mexico will serve as an important step toward better understanding of the
relationships between incidents of cancers and nuclear facilities in the United States.

2. DATA AND METHOD

A total of 17,119 female breast cancer incident cases in New Mexico over a 25-year
period from 1973 to 1997 were extracted from the Public-Use CD-ROM (1973-1997)
provided by the Surveillance, Epidemiology, and End Results (SEER) Program of the
United States National Cancer Institute (NCI). Basic attributes associated with each
record include a patient’'s county of residence at diagnosis and year of diagnosis.
Covariates used in the analysis were race (white, black, and other) and age group (18 age
groups with a five-year interval) at diagnosis. In addition to the incidence data, two
additional data sets were also prepared. These two data sets were the at-risk population
data and the geographic coordinates of county polygon centroids representing the
locations of counties in New Mexico. The annual female at-risk population in each
county in New Mexico over the 25-year period was obtained from the population
database provided by the SEER Program of the NCI. To match the covariates in the
incidence data, population counts for each combination of the three races (white, black,
and other) and 18 age groups for each county in each year (54 combinations for each
county in each year) were obtained.

Both spatia cluster and space-time cluster analyses of the incident cases were
carried out using the SaTscan (Version 2.1.3) software package. This software package
is based on the Spatial Scan and Space-Time Scan Statistic method developed by
Kulldorff. (17) The software package was developed at and distributed by the NCI. A
detailed description of the Spatial Scan Statistic is given in an article written by Kulldorff
(17), and a description of the Space-Time Scan Statistic can be found in another article
authored by Kulldorff and his colleagues. (19) The analytical procedure of the Spatial
Scan Statistic consists of three steps. In the first step, the method draws circles centered
at the centoid of each county in the study areain turn. At each county centroid, the sizes
of the circles vary continuously from zero to a pre-specified upper limit (no larger than an
area containing 50% of the at-risk population in the entire study area). The method then
computes the numbers of cases inside and outside each circle and calculates the number
of expected cases inside the circle based on the at-risk population in the area covered by
the circle and the covariates used in the analysis. This process is repeated until all county
centroids are scanned.

In the second step, the method determines the most likely cluster and secondary
clusters. A cluster is composed of all adjacent counties the centroids of which fall within
the same circle. The method achieves this objective by computing the likelihood ratio
associated with a circle based on the parameter values obtained in previous steps. (17) If
a circle has the maximum likelihood ratio and the number of cases within the circle is
more than its corresponding expected number, then the cluster corresponding to this
circle is considered to be the most likely cluster. Any other cluster with the number of
cases within the cluster exceeding its corresponding expected number is considered a
secondary cluster. Secondary clusters are less critical than the most likely cluster.



In the third step, the method evaluates the statistical significance of the most likely
cluster and secondary clusters using Monte Carlo simulations. Under the null hypothesis,
when cases are assumed to follow the Poisson distribution in space, no statistically
significant spatial cluster exists. It follows that the smulated p value associated with the
most likely cluster should be greater than a value indicating the significance level of the
test (e.g., 0.05). Otherwise, the null hypothesis of randomly distributed cancer incident
cases (no spatial cluster) is rejected and the most likely cluster is a statistically significant
cluster. The significance of secondary clustersis evaluated in a similar manner.

Upon completion of the cluster analysis, the SaTscan software reports the most
likely cluster, the secondary cluster(s), and counties within each cluster. In addition, the
software reports the center and size of the circle corresponding to each cluster, the size of
the at-risk population in a cluster, the number of observed and expected cases in a cluster,
observed to expected ratio, log likelihood ratio, and p value associated with a cluster. For
the space-time analysis, the time interval covered by a space-time cluster is aso given.

The Spatial Scan Statistic method was used because it does not have the problem
of multiple testing found in some exploratory analysis methods (8, 18, 25, 26), and
because it does not require a user to specify the size and location of a cluster before the
cluster analysis takes place. The Spatial Scan Statistic method evaluates all circlesin the
study area at once and uses the maximum likelihood ratio to select the most likely cluster
and secondary clusters. It only evaluates statistical significance of the most likely cluster
and secondary clusters, not clusters related to all circles. The exploratory analysis
methods, however, evaluate the significance of the clusters related to all circles. Thus,
they introduce the problem of multiple testing. The Spatial Scan Statistic method avoids
the problem of multiple testing and is suitable for hypothesis testing. (18) The method
proposed by Turnbull and his colleagues is similar to the Spatial Scan Statistic method,
but it requires a user to specify the size of the cluster before the cluster analysis takes
place. (18, 29)

Procedures associated with the Space-Time Scan Statistic are similar to those of
the Spatial Scan Statistic except that circles in the Spatial Scan Statistic are replaced with
cylinders. The circle at the base of a cylinder cowvers the spatial area of a potential
cluster, and the height of a cylinder represents the time interval covered by the vertica
dimension of the cylinder. Despite the fact that there is a number of methods for space-
time cluster analysis (2, 6, 16, 14, 23), these methods do not possess the power to detect
the size and location of a cluster smultaneously as well as evaluate the significance of a
cluster. (18) In contrast, the Space-Time Scan Statistic can detect the location and size of
the space-time clusters, and in the meantime, evaluate the statistical significance of the
detected clusters. (18)

Both the spatial cluster analysis and the space-time cluster anaysis were
conducted on a Pentium 111 866 MHz desktop computer. When running the program, the
maximum size of a spatia cluster was set to contain 50% of the at-risk population and the
maximum time interval in the space-time cluster was set to be 90% of the time span of
the study period from 1973 to 1997. These maximum values ensure that the detected
clusters, regardless of their location and size, are clusters detected without any pre-
selection bias. It should be noted that the maximum allowed value of a spatial cluster
does not mean that one has to pre-specify the size of a cluster before running an analysis.
It simply means the largest allowed cluster would contain 50% of the at-risk population
in the study area. This maximum value is reasonable because a cluster is expected to
concentrate in certain area of the study region. If a cluster covers most of the study
region, then the location and size of the study region is no longer meaningful in that study
region. The Poisson probability model was used in the analyses. With 9,999 Monte
Carlo simulations, it took the program 1 minute and 6 seconds to complete the spatial
cluster analysis and 5 minutes and 1 second to compl ete the space-time cluster analysis.



3. RESULTS

The detected clusters and their associated parameter values are given in Table 1. Only
one cluster was detected in the gpatial cluster analysis and this cluster is statistically
significant (p=0.0001) (Figure 1). This spatial cluster is centered in Santa Fe County and
it contains four counties including Santa Fe, Los Alamos, Sandoval, and Bernadillo. A
statistically significant space-time cluster (p=0.0001) with the same spatial coverage for
the time period from 1984 to 1997 (inclusive) was detected in the space-time cluster
analysis (Table 1; Figure 2). This space-time cluster is also centered in Santa Fe County.
One secondary space-time cluster was detected, but this cluster is not statisticaly
significant. This secondary space-time cluster contains Eddy County for the year 1995
and has a p value of 0.9873.

TABLE 1
CLUSTER ANALYSISRESULTS OF FEMALE BREAST CANCER IN NEW
MEXICO, 1973-1997. (Note: Incidence rates were adjusted for race and age group.
Clusters with their associated p-values underlined are statistically significant clusters.)

No. of No.of [Observedto|l Log
observed | expected | expected |likelihood | p Value
cases cases ratio ratio

Cluster Countieswithin| Time
category thecluster period

Spatial cluster analysis

Most likely | LosAlamos, NA 9,029 7,563.674 1.194 252.14 0.0001
cluster Sandoval, Santa

Fe, Berndlillo

Space-time cluster analysis

Most likely | LosAlamos, 1984-97 6,730 4,979.9§ 1.351 409.42 0.0001
cluster Sandoval, Santa

Fe, Berndlillo
Secondary | Eddy 1995 53 3348 1.583 484 0.9873
cluster

The number of observed and expected incident cases in each county within the
most likely spatia cluster over the 25-year period was also obtained (Figure 1). Itisclear
from these results that the number of observed cases in Los Alamos County is 48.7%
more than the number of expected cases. The rate of excessiveness in other counties in
the cluster is less severe, with 24.7% more than expected in Sandoval County, 18.7% in
Bernalillo County, and 14.3% in Santa Fe County.

4. DISCUSSION

The results of this analysis give a clear picture of the geographic concentration of female
breast cancer incident cases in New Mexico and provide answers to the two questions
raised at the beginning of this discussion. For the first question, it is apparent from the
results that a statistically significant spatial cluster of female breast cancer exists in
populations living in the four-county area of Los Alamos, Sandoval, Santa Fe, and
Bernalillo. For the second question, results from the space-time cluster analysis indicate
that this spatial cluster is statistically significant for the period from 1984 to 1997, which
means thet the excessive breast cancer rates persisted until recent years in the four
counties. Among the four counties in the most likely cluster, Los Alamos clearly has a
higher degree of excessiveness of breast cancer with 48.7% more observed cases than
expected. For the rest of New Mexico, no statistically significant cluster was detected.
These results would help public health professionals form new hypotheses that can be
used to study the causes behind the formation of the clusters.



FIGURE 1
COUNTIESIN THE SPATIAL CLUSTER OF FEMALE BREAST CANCER IN NEW
MEXICO, 1973-97. (Note: incidence rates were adjusted for race and age group. The
pair of numbers next to each county name is the observed/expected number of casesin
that county.)
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FIGURE 2

COUNTIESIN THE SPACE-TIME CLUSTERS OF FEMALE BREAST CANCER IN
NEW MEXICO, 1973-97. (Note: incidence rates were adjusted for race and age group.
The secondary cluster is not statistically significant.)

Los
Alamo:
(1984-97; P=0.0001

Sandoval
SantaFe

Berndillo

i

(1995; P=0.9873)

L New Mexico

ImmEn Most likely cluster /3 Secondary cluster




Future research needs to be directed at evaluating the reasons behind the formation of the
femae breast cancer cluster in populations living near Los Alamos. There are a few
critical questions that remain to be answered. First, is there any possibility that the
cluster is associated with the nuclear atmospheric testing research facilities in New
Mexico? If so, what are the potential processes that have contributed to the formation of
the female breast cancer cluster in New Mexico, and how would these processes function
in geographic space and time and |lead to the formation of the cluster?

Second, if the cluster is not associated with the nuclear atmospheric testing
research facilities in New Mexico, what could be the other socia and environmental
processes or agents that may have contributed to the formation of the cluster, and how
would these processes and agents function in geographic space and time? For instance, it
is possible that different social and environmental processes and/or the interaction of
some socia and environmental processes may have contributed to the formation of the
cluster of female breast cancer in populations living near Los Alamos over time. Finding
answers to these questions will require long-term work, and it is a subject for future
research.
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